PRF 7.08476×10
−6 (QRS − 96) 
Data S1. Statistical methods
We used the following to denote an indicator function and a ramp function.
[c] = 1 if subject is in group c, 0 otherwise; (x) + = x if x > 0, 0 otherwise
We also denoted QRS duration and pulmonary regurgitation fraction by QRS and PRF, respectively.
Unadjusted regression equations
The estimated unadjusted regression equations are 
Valve module and Pulmonary Valve Regurgitation
The valve module is used to simulate blood flow across any connection between two cavities or a cavity and a tube in the CircAdapt model where energy losses might occur. Cardiac valves connect cardiac cavities, representing atrio-ventricular valves, or connect cardiac cavities with large blood vessels, representing ventriculo-arterial valves. The valve module is also used to represent connections between veins and atria, or atrial and ventricular septal defects. The valve module consists of a narrow orifice whose area varies over time during a cardiac cycle. Assuming unsteady, incompressible and nonviscous laminar flow, and the influence of gravity being neglected, the Bernoulli equation for unsteady flow can be written as,
where is blood density, is the inertance of the valve, and / is the rate of change of blood flow across the valve. The blood flow velocities and pressures at the proximal and distal elements are ( ) and ( ), and ( ) and ( ), respectively (Supplementary Figure 1) . By re-arranging Eq. 1, the pressure gradient (∆ ( ) = ( ) − ) can be expressed as,
Since we assume that when blood flow passes a valve, there is no regain in pressure despite a decrease in velocity (i.e. energy is lost by means of friction or turbulence), Eq. 2 can be re-arranged as,
The pressure gradient in Eq. 3 is the sum of inertial effects, i.e., blood acceleration/deceleration because of blood mass (Eq. 3, right hand side, first term) and Bernoulli pressure loss effects (Eq. 3, right hand side, second term). Blood flow, (t), across a valve is defined as forward flow ( ( ) ≥ 0) when it travels from the proximal into the distal element, and backward flow ( ( ) < 0) in the opposite direction. In Eq. 3, the maximum velocity, ( ), is: The valve opens rapidly when the pressure gradient is positive ( ( ) < ( )), allowing forward flow across the valve into the distal element. When the distal pressure is equal to the proximal pressure ( ( ) = ( )), the valve starts closing. In the closing state, the pressure gradient is negative ( ( ) > ( )), but a forward flow can briefly exist because of inertial effects (Eq. 1). A valve finally closes when the pressure gradient is negative and no forward flow remains. Note that in this study, a 'closed' valve allows retrograde flow to occur through the regurgitant orifice area as described in the main text, because can be non-zero.
The inertance of a tube = , where l is the length of the tube and A is the cross sectional area. α is a constant reflecting the non-linearity of the flow profile. CircAdapt uses α = 3/2, representing a highly nonlinear flow through the valve (compare with α=1 for plug flow and α = 4/3 for Poiseuille flow). In CircAdapt, the inertance takes into account blood moving through the areas immediately proximal to the valve, and immediately distal to the valve (Supplementary Figure 1) . Combining these effects gives a total expression for the inertance as
Note, as stated before, that the valve module is used to connect any two cavities in the CircAdapt model where energy losses might occur, such as veins returning to the atria, or in case of an atrial or ventricular septal defect. In these cases, we define = .
Flow across the systemic and pulmonary circulations
The CircAdapt model consists of a four-chamber heart connected to a closed loop cardiovascular system, with lumped pulmonary and systemic circulations (Supplementary Figure 2, Panel A) . The systemic circulation is modelled as a vascular resistance connecting the aorta with the systemic veins.
In CircAdapt, both the arterial and venous pressures vary with time, and the pressure difference between the arteries and veins determines the flow across the systemic circulation at any point in time,
t. The time-dependent flow across the systemic circulation ( ) is assumed to relate with timedependent pressure drop ∆ (t) as, 
where , is the reference pulmonary circulating blood flow and Δ 
Pressure-flow regulation
In CircAdapt, homeostatic pressure-flow regulation is used to maintain a target cardiac output (qsys,target) and target mean systemic arterial pressure (MAPtarget). In the current study, qsys,target changes depending on the level of exercise. Note that qsys,target is not necessarily the same as qsys,ref in Eq. 6 above. In CircAdapt, homeostatic pressure-flow regulation represents two physiological processes. Acutely, it represents the recruitment of pooled blood in the venous system into the circulating blood volume. In the longer term (for example when employed in simulations of heart failure, e.g.: Lumens et al, Circ
Cardiovasc Imaging 2015;8:e003744), it represents the long-term action of the Renin-AngiotensinAldosterone system (RAAS) on fluid retention to maintain cardiac output. Both interpretations are present in this study, with the former used in exercise and the latter used to maintain the baseline cardiac output.
When pressure-flow regulation is enabled, CircAdapt calculates at the end of each cardiac cycle the ratio between the current mean systemic arterial pressure over the cardiac cycle ( = , ( ) ������������� ) and the target mean aortic pressure (MAPtarget) (Supplementary Figure 2, red dot) . This ratio is then used to incrementally alter the systemic resistance through changes in ∆ , (Eq. 6), with the process repeated over repeated cardiac cycles until MAPcurrent = MAPtarget. In this study, a MAPtarget of 92mmHg was used. After each cardiac cycle, the new value of the constant ∆ , , which determines the systemic vascular resistance during the next cardiac cycle (Eq. 6), is calculated using:
Hence, the systemic vascular resistance will increase when MAP is too low, and decrease when systemic flow is too low. α < 1 is a damping factor that prevents oscillatory behaviour. Note that the pulmonary resistance remains unchanged.
To represent RAAS and/or recruitment of pooled blood, the circulating blood volume alters with the systemic vascular resistance. These processes are implemented by injecting or removing volume per cardiac cycle into the cardiac system from the systemic vascular bed, i.e. by altering the flow at the arrow highlighted in Supplementary Figure 2 (Panel A, red arrow) . The flow across the systemic circulation q(t) is calculated at each time point t in the cardiac cycle using Eq. 6. The flow entering the systemic veins qven(t) at each time point is then adjusted, so that
Equivalently, Eq. 9 can be seen as including an additional flow of magnitude �� � − 1� ( ) into the flow exiting the systemic circulation into the systemic veins. Note that if > , then the additional flow is positive, analogous to recruitment of pooled blood into the circulation or fluid retention by RAAS. If > then this flow is negative and removes blood from the circulation, analogous to blood pooling in the veins or fluid excretion through RAAS.
Simulating Exercise
The above method is used to simulate exercise by using an imposed cardiac output -heart rate relationship (Supplemental Figure 3) . In this relationship, the heart rate is used to determine cycle length tCycle, which is an input to the model. In CircAdapt, cycle length determines the time period between onsets of right atrial contraction. The target cardiac output corresponding to that heart rate is set as qsys,target in Eq. 8 above, with MAPtarget left unchanged at 92mmHg. The system is then allowed to stabilize until MAPtarget and qsys,target are reached.
To enable realistic simulation of exercise, the atrio-ventricular delay between right atrial activation and onset of ventricular activation (first activated segment in Supplemental Figure 2 ) has to shorten with decreasing cycle time, representing physiological PR interval shortening. CircAdapt sets the atrioventricular delay to be 0.1765× tCycle.
Duration of myocardial contraction also shortens as the heart rate increases (i.e, cycle time decreases).
CircAdapt uses a phenomenological model of myocardial contraction, described in detail in the 
Where TD and TR are constants, λsi is the extension of the contractile element, and
where tCycle,Rest is the cycle time at rest.
Dyssynchronous Activation
Dyssynchrony is simulated using the MultiPatch method as described by Walmsley et al. PLoS Comput Biol 2015; 11:e1004284 , to which the reader is referred for methodological details. This method allows ventricular walls to be broken up into 'patches' of tissue and thereby simulate regional differences in function. Wall tension is assumed to be equal in all patches within a wall, but properties such as activation time can vary between patches, giving rise to differences in stresses and strains between patches. In the current study, the right ventricular free wall was broken up into five patches with equal volumes. Only activation time differs between patches; myocardial intrinsic contractility and stiffness are not altered. The right ventricular free wall also interacts with the septum and LV free wall through the right ventricular attachment points, where force balance is enforced. The reader is referred to Lumens et al. Ann Biomed Eng 2009; 37:2234 -2255 for methodological details on ventricular interaction.
Simulation Code
The code for the CircAdapt model used in this study is free to download at www.circadapt.org. This 
